Wellbore attributes (i.e., deviation, casings and plugging characteristics) for 85 wells in the St. Lawrence Lowlands basin of southern Quebec were compiled from drilling reports and abandonment programs to provide an overview of the abandoned well characteristics and to establish a diagnosis on the long-term reliability of the completion and abandonment practices carried out by the companies since the beginning of oil and gas exploration. Using these data, the conventional and unconventional wells were divided into four categories: (1) conventional wells drilled before 1950, (2) conventional wells drilled between 1950 and 1970, (3) conventional wells drilled after 1970 and shale gas wells (all drilled after 2000). Very little information was available for wells drilled before 1950. More information was available for the wells drilled from 1950 to 1970 which is considered a transition period between old and modern technology. Conventional and unconventional wells drilled after 1970 were generally well documented and their attributes corresponded to API standards. A decision tree, inspired from the methodology proposed by Watson and Bachu (SPE Drill Complet 24(1): [115][116][117][118][119][120][121][122][123][124][125][126] 2009. https ://doi.org/10.2118/10681 7-PA), was then created to assess the potential of leakage of each of the conventional and unconventional wells using the compiled attributes. The factors defining the probability of well leakage were wellbore deviation, height of cement in casing annuli (partially or fully cemented), type of abandonment plugs (cement or mechanical plugs) and drilling date (before or after 1970). Among the 85 wells assessed by this tree, the probability of leakage was higher than 50% for 55 wells (65% of wells). Wellbore deviation and lack of information on the construction and abandonment methods were respectively the primary and secondary causes of high probability of leakage of these wells.
Introduction
The recent development of unconventional shale gas resources has raised many concerns with regard to potential threats to the environment. One of these concerns is related to the potential migration of formation fluids (brine, methane) and hydraulic fracturing fluids to the surface during the stimulation, production and post-production phases. According to Jackson et al. (2013) (and references therein), the potential underground preferential pathways for the leakage of fluids are: (1) natural/induced fractures/faults (2) the exploration/production and abandoned wells, or (3) inter-wellbore communication between the production well and nearby abandoned wells or boreholes [i.e., Council of Canadian Academies (CCA) 2014]. Among these migration pathways, leaky wells have been identified as one of the most important issues since it is a latent problem that may have long lasting impacts on fugitive emissions to the atmosphere and may induce contamination of potable groundwater (Dussault and Jackson 2014) . In fact, leaky wells are not restricted to shale gas exploitation and have been recognized as a long-lasting issue in the conventional oil and gas industry (e.g., Rowe and Muehlenbachs 1999; 
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303 Page 2 of 17 2000). As discussed in detail by King and King (2013) , well integrity can be compromised as a result of poor completion or abandonment, formation damage around the wellbore, geomechanical effects, geochemical degradation of well cements, casing and tubing corrosion, and casing failure as a result of thermal or mechanical stresses.
Over the past few decades, regulatory agencies have focused their attention on detecting production and abandoned wells which could have leakage at the surface as surface-casing-vent flow (SCVF) through wellbore annuli and/ or gas migration (GM) outside the casing. However, direct measurement of SCVF or GM is not always possible due to resource limitations and due to problems locating the wells. This is especially true for legacy wells that have been buried and for which coordinates are only approximate. In order to establish a priority list for selecting wells most at risk and to determine if they are leaking, the identification of major factors that contribute to wellbore leakage by using available well data could be used. Since the data required for such an analysis are usually available from drilling logs and completion/abandonment reports, this provides a cheap and quick way for assessing the potential for leakage, provided there is a correlation between these factors and wellbore leakage.
Recently, Watson and Bachu (2009) showed, based on data analysis of 315,000 wells drilled up to the end of 2004 in the Canadian province of Alberta, that there is a good correlation between SCVF/GM and economic activity (i.e., oil and gas price), regulatory changes, technology changes, well type (i.e., open hole or cased hole), wellbore deviation, lowannular-cement top (incomplete or complete cementation of casing annulus) and abandonment method. Other investigated factors, however, showed no apparent or only minor impact on wellbore leakage, including well age, well-operational mode, completion interval, presence of H 2 S and CO 2 , surface casing depth, total depth, well density and topography. According to this data analysis, the authors defined a decision tree that used general and publicly available well attributes (those with major impacts on SCVF/GM) to estimate the qualitative probability of leakage from a well in the form of SCVF/GM (Watson and Bachu 2009) . Finally, the authors concluded that their decision tree, developed on the basis of well data from Alberta, can be generalized and applied to other basins and/or jurisdictions.
In the St-Lawrence Lowlands sedimentary basin of the Canadian province of Quebec, the discovery of shale gas resources has raised public concerns with regard to potential contamination of shallow groundwater resources by gas migration (CEES 2014) . Early exploration and exploitation of shale gas resources was restricted by a moratorium in order to conduct environmental assessments and to acquire information on baseline conditions before potential development could occur. While only marginal gas production and no unconventional gas production has occurred in this basin, there are 280 exploration wells that have been drilled since 1860 for mainly conventional, but also unconventional exploration. For the most part, these wells have been closed and abandoned. However, even many years after the drilling and production operations are complete, the integrity of the decommissioned exploratory wells will depend on the methods used for well closure. Indeed, previous practices related to the construction of wells, casing cementation and abandonment methods have not always been sufficient to prevent the migration of hydrocarbons and drilling fluids to the surface (Harrison 1985; Watson and Bachu 2009; Davies et al. 2014) . However, the evolution of practices and the implementation of new regulations over the last decades has led to fewer leaky wells and a better well closure process.
In Quebec, little information is currently available on the processes of temporary or permanent abandonment of the legacy wells and the reliability of abandonment techniques used over time. Indeed, although the present regulation in Quebec requires a licence for well closure (only in the case of final closure), few inspections have ever been carried out on the exploration wells that were drilled (BAPE 2011) .
At the present time, there are only two studies that document the integrity of historic oil and gas wells in Québec. The first is a report by Girard (1993) who tried to locate 68 historic wells in the St-Lawrence lowlands and test them for SCVF and GM. This report provides useful information concerning the evidence of gas migration to the surface (obtained by a gas detector or by anomalies in the vegetation around the well), however, no effort was carried out to find a correlation between the wellbore leakage and available well data. The second study reports on SCVF/GM testing on the 29 shale gas exploration wells that were drilled in the St. Lawrence Lowlands basin since 2006 (BAPE 2011) .
The objectives of this study are (1) to provide an overview of the construction and abandonment methods for hydrocarbon wells in the St. Lawrence Lowlands basin since the beginning of oil and gas exploration in Quebec and (2) to establish a diagnosis on the long-term reliability of the completion and abandonment practices. This evaluation will allow rating the qualitative probability of leakage for the wellbores. This could serve as a priority list for selecting boreholes most at risk and to test them for gas leakage. Also, this evaluation could help to establish a link between potential fluid leakages from legacy wells and a recent groundwater quality baseline survey conducted in the St. Lawrence Lowlands basin (Moritz et al. 2015) .
In the following, the construction methods of wellbores are first reviewed with an emphasis on the characteristics that may affect fluid leakage. This is followed by an overview of the geology of the study area. Then, the available data and the subset of wells used for this study are presented, along with their characteristics. Based on these available data, a decision tree is developed and implemented to determine the qualitative and relative probability of wellbore leakage. Finally, this decision tree is tested with the field observations of Girard (1993) on conventional wells and SCVF/GM measurements conducted on shale gas wells (BAPE 2011) to validate the performance of the method.
Well construction and abandonment
Cable-tool drilling and rotary drilling are the basic methods used for drilling hydrocarbon wells. In the cable-tool drilling, a sharp bit along with drilling string is attached to a cable or rope and is repeatedly lowered and raised into the borehole using a working beam. This method was commonly used until the 1950s. The rotary drilling is primarily developed because of inefficiency of the cable-tool drilling in soft formations with high risk of caving. In this drilling method, a drill bit, rotated by a drill string composed of a drill pipe and drill collar, is connected to the bottom hole assembly and the rock is cut by applying a downward rotational force.
Wells should be cased and cemented in order to prevent contamination of groundwater resources and to continue safely the drilling activities. The casings should be designed such that they maximize the productivity of the well and withstand to any corrosive fluids and to all thermal and mechanical loads that they will be subjected during drilling, completion and production (e.g., Clark 1987; Azar and Robello Samuel 2007; API 2009 ). Usually, four casing strings (i.e., conductor, surface, intermediate and production casings) are set at various depths during the completion of a well. The conductor casing has the largest diameter and serves as a flow line for returning the drilling mud to the storage pits during the initial drilling phase and as a point for the installation of any required diverter system (such as blowout preventer). It also holds soft and unconsolidated sediments near the surface from caving into the borehole during the drilling operations (Azar and Robello Samuel 2007; Dusseault and Jackson 2014) . The surface casing protects the shallow freshwater resources from fluid blowouts and contamination by drilling fluids (Dusseault et al. 2000; Azar and Robello Samuel 2007; AER 2010; Dusseault and Jackson 2014) . It also protects the upper portion of the hole from any fracturing that could compromise the drilling activities. The surface casing should be placed at a depth below the shallow freshwater resources or even deeper if the troublesome formations, thief zones, water sands, shallow hydrocarbon zones and build-up sections of deviated wells are encountered. It should be cemented in place over the full length of the string (e.g., Azar and Robello Samuel 2007; AER 2009; USDOE 2009 ). The intermediate casing, also called the protection casing, is put in place and cemented (partially of completely) where over-pressured formations or inflow of formation fluids are encountered, i.e., where higher drilling mud weights have to be used (Dusseault et al. 2000; Azar and Robello Samuel 2007; API American Petroleum Institute 2009; Dusseault and Jackson 2014) . The production casing is primarily used to isolate production zones and to allow selective production in multi zone production. It should also withstand the full wellhead pressure if the tubing or packers fail. It contains the components, such as hangers and down-hole valves, for completion and production (AER 2010). For each casing, once the length and size of a casing has been determined, the grade and weight of the steel of the strings must be selected (ex., H-40, J-55, K-55, P-110), based on load, corrosion and toxicity requirements (Azar and Robello Samuel 2007; Hossain and Al-Majed 2015) .
To cement the casing, the annular space between the casing and the formation, called the annulus, must be filled from the bottom with cement slurry which is a mixture of powder cement with water and some additives. Cementing allows safe and economic progress of drilling activities. It has to provide zonal isolation, to control corrosion, to improve formation stability and casing string strength and to reduce the risk of ground water contamination by oil, gas or salt water. Cementing also prevents water influx into the well during the production phase and prepares the well for abandonment at the end of the well life. Cement height in a casing annulus may reach the surface or a lower level, depending on the type of the casing, the completion needs and the regulations in place for cementation depths (e.g., AER 1990). Depending on the well depth and completion type, drilling fluids, well location, and geological environment (e.g., temperature, pressure and presence of sulfates), different classes of Portland cement (A, B, C, D, E, F, G and H) can be used [see API (2002) for a detailed discussion on cements]. The sealing performance of the cementing job depends on several factors such as, efficient displacement and replacement of drilling fluids within the casing annulus by the slurry, the dehydration conditions of the slurry, the quality of cement, the concentrations of cement, water and additives in the slurry, the eccentricity of casing in the borehole and the penetration of formation fluids, especially gas, within the cement (Lecourtier and Cartalos 1993; Watson and Bachu 2009) . Common failures in casing cement jobs are total or partial losses during slurry placement, slurry over displacement (i.e., absence of cement at the base of the annulus), lack of tightness of the cement sheath, flash set, setting defect, lack of mechanical strength, cement deterioration and casing disconnection. For details on the causes of these failures, the possible remedial techniques during and after cementation and the best preventing practices, readers are referred to Lecourtier and Cartalos (1993) and other well cementing technical references. Cement injection pressure survey performed during the cementing job and temperature surveys, cement bond logs and casing pressure records performed after the cementing job are the common techniques used to evaluate casing integrity and to ensure that cement is present behind the casing. However, it should be noted that the presence of micro-channels, low density cement, low porosity formations (such as shale) and the eccentric position of casings can highly affect the quality of cement bond logs (Boyd et al. 2006 ).
An improperly abandoned well may serve as pathways for brines, hydrocarbons or other fluids to migrate into shallow drinking water aquifers or to surface. Therefore, a successful well abandonment program has to provide full isolation of productive and hydrocarbon-bearing formations in order to prevent inter-zonal communication, contamination of groundwater resources and surface leakage. Specific requirements and placement methods for plugs are defined in different regulations based on the type of well (i.e., injection, production, open hole or cased well), nature of surrounding geology, location of fluid bearing formations, and type of fluids. In this evaluation of the wells within the St-Lawrence Lowlands basin, the regulations of the Alberta Energy Regulator (2016) and the recommendations of the American Petroleum Institute (2000) were used to define open-hole and cased-well abandonment requirements, and are discussed in the following paragraphs.
To abandon an open hole (a well with no casing), an adequate number of cement plugs of sufficient length must be set to cover all non-saline groundwater to the base of groundwater protection (BGWP) and to isolate all porous zones (porous zones are defined after AER 2016) as being carbonates with an effective porosity greater than 1%, sandstones with an effective porosity greater than 3%, any zone with an offset production, or any zone with drill stem test (DST) formation fluid recoveries greater than 300 linear meters or gas volumes greater than 300 cubic meters). All plugs at less than 1500 m true vertical depth (TVD) must have a minimum length of 30 vertical meters, and they must extend a minimum of 15 vertical meters below and a minimum of 15 vertical meters above the zone being covered. All plugs deeper than 1500 m TVD must have a minimum length of 60 vertical meters, and they must extend a minimum of 30 vertical meters below and a minimum of 30 vertical meters above the zone being covered. The top plug must extend a minimum of 15 vertical meters above the casing shoe of the deepest casing set. In a well having an intermediate casing but which is not fully cemented, remedial cementing must be conducted to isolate non-saline groundwater and/or porous intervals. Finally, following completion of the plugging program, the wellbore must be filled with non-saline water.
To abandon a completed well (a cased well with perforated intervals), (1) perforated productive zones and injection intervals must be isolated to prevent fluid entry into the wellbore, (2) the casings should be filled with a corrosion inhibitor fluid, (3) uncemented or partially cemented casing annuli must be perforated and cemented to surface in order to isolate the porous zones behind casings and (4) the well must be pressure tested to a minimum of 7000 kPa for 10 min (API, American Petroleum Institute 2000; Alberta Energy Regulator 2016). Four main types of zonal abandonment are employed: (1) a cement plug from 15 vertical meters below the bottom of the completed interval to a minimum of 15 vertical meters above the top of the completed interval, (2) a bridge-plug capped with 8 vertical meters of class G cement or with a minimum of 3 vertical meters of resin-based, low-permeability gypsum cement within 15 m above the perforations, (3) a retainer capped with a minimum of 8 vertical meters of class G cement within 15 m above the perforations and cement squeezed into the perforations, and (4) a plug set in a permanent packer capped with either a minimum of 8 vertical meters of class G cement or a minimum of 3 vertical meters of resin-based, low-permeability gypsum cement within 15 m above the perforations (API, American Petroleum Institute 2000; Alberta Energy Regulator 2016). For completed horizontal wells in single or multiple formations, a plug or retainer must be placed within 15 vertical meters above the top of the formations in which the horizontal zone is completed. Wells must also be checked for SCVF and GM before final abandonment; i.e., cutting and capping the production and surface casing. In Alberta, wells with a gas flow rate greater than 300 m 3 /day, or with a stabilized buildup pressures greater than 9.8 kPa/m require remedial actions before the abandonment (Alberta Energy Regulator 2016).
St. Lawrence Lowlands basin of southern Quebec, Canada
The sedimentary basin of the St. Lawrence Lowlands (SLL) is located in the southern part of the province of Québec, Eastern Canada, and covers an area of about 20,000 km 2 ( Fig. 1 ). This relatively non-deformed Cambro-Ordovician platform sequence unconformably overlies the Precambrian Grenville basement, part of the Canadian Shield. As normal faults affects the sequence, the thickness of the SSL basin increases to more than 3000 m toward the south-east (Fig. 1) .
From bottom to top, the sedimentary succession of the SSL basin is composed of sandstones of the Potsdam Group, dolomites of the Beekmantown Group, limestones of the Chazy, Black River and Trenton groups, and fine-grained siliciclastic rocks of the Utica, Sainte-Rosalie, Lorraine and Queenston groups (Globensky 1987) (Fig. 1 ).
Oil and gas exploration history in the SSL basin started in 1860. Up to now, more than 280 wells have been drilled, including 29 for shale gas exploration. These works led to the discovery of two natural gas fields, now exhausted and have been converted into natural gas storage facilities Rivard et al. 2014 ): Pointe-du-Lac and St-Flavien. The first one was in production from 1965 to 1976 (91 million m 3 or 3.2 Bcf), while the second one was in production from 1980 to 1994 (163 million m 3 or 5.7 Bcf). In 2006, exploration for shale gas began in SSL basin, where the main target is the organic-rich Utica Shale. Up to now, 18 vertical wells, including 11 hydraulically fractured, and 11 horizontal wells, including 7 hydraulically fractured, were drilled. Utica Shale exploration has raised environmental concerns amongst the general public, which have led in August 2010 to a moratorium on hydraulic fracturing in Québec (BAPE 2011) .
The Utica Shale subsurface thermal domain is largely dominated by dry gas conditions, although a liquid-rich zone is known in the NW area of the SSL basin . Gas from the Utica Shale is generally composed of 90% methane, the remainder being essentially composed of ethane, propane and carbon dioxide, and little to no hydrogen sulfide has been reported (Séjourné et al. 2013; Rivard et al. 2014) . Structural cross-section based on limited field outcrops, oil and gas well data and a deep MRN seismic line (Séjourné et al. 2013) . From Lavoie et al. (2014) , with kind permission from Elsevier Thériault (2012) has proposed three exploration fairways for the Utica Shale (Fig. 1) . These fairways are based on the depth of the Utica Shale as well as on structural domains, following detailed reinterpretation of seismic lines, drilling reports and well logs. The first fairway consists of the shallow domain and occurs north of the Yamaska Fault, where the Utica Shale is found below 800 m in depth. The second fairway is located between the Yamaska Fault and the Logan's Line, where the Utica Shale reaches 1200-2500 m in depth. Finally, the third fairway is located south of the Logan's Line, where the Utica Shale exceeds 2500 m and occurs in thrust slices.
Methods
In this section, the available data for conducting this study are first presented. Then, a subset of wells is selected for which construction and abandonment methods are compiled. An attempt is also made to delineate the evolution of construction and abandonment methods according to representative time periods when wells were drilled. Finally, a decision tree is proposed to assess the probability of leakage for the selected subset of wells.
Available data
The Ministère de l'Énergie et des Ressources naturelles du Québec (MERN) collects well and production data on a routine basis from the resource development industries, and stores the data in their Oil and Gas Geoscience Information System (http://sigpe g.mrn.gouv.qc.ca/gpg/class es/ igpg). This information is readily available to the public. The data include information such as casing size, casing weight, borehole depth, completion intervals, geological formations, composition of formation fluids, and abandonment method. These data combined with supplementary information obtained from the screening of more than 330 drilling reports and abandonment programs have served as the pillar for the database used to evaluate wellbore-leakage potential in this study. The number and quality of reports varies greatly from one well to another, and some of the older wells lack of corresponding documents.
Since it was not possible to compile the necessary characteristics of all wells in the St. Lawrence Lowlands basin during the time allowed for the realization of this study, a representative sample of wells had to be selected. As explained in "St. Lawrence Lowlands basin of southern Quebec, Canada" section, three exploration fairways have been proposed by Thériault (2012) for the exploration and exploitation of Utica Shale in southern Quebec. Consequently, the wells (conventional and shale gas wells) in this area were initially divided into three zones corresponding to these three exploration fairways. As illustrated in Fig. 1 , exploration has so far focused on the central fairway (Fairway 2), where 23 of the 29 shale gas wells have been drilled; the shallow and thrust fairways have been little explored (4 and 2 wells, respectively). Moreover, as can be seen from histograms of Fig. 2a , b, the wells in this zone (conventional and shale gas wells) cover a large time frame and a wide range of depths. Following these analyses, the 85 wells of Fairway 2 were selected as a representative sample of all wells in the St. Lawrence Lowlands basin.
The 85 wells in Fairway 2 can be divided into two main categories regarding their actual status: (1) Abandoned (or inactive) wells, and (2) completed wells which are currently suspended or temporarily abandoned by the operator with the intention of future work inside the well. The great majority of the conventional wells (59 wells out of 62) are abandoned, whereas all the shale-gas wells (23 wells) are currently at the completion stage (either under evaluation, suspended or temporarily abandoned). Three conventional wells drilled between 1970 and 1980 are currently suspended. It should be noted that these three wells had been re-entered within the last 15 years. However, no information was available on their actual status (re-abandoned or not).
To highlight the temporal evolution of technology (drilling, completion and abandonment), an analysis of the available data (drilling, casings, cement and abandonment method) was carried out on the wells of Fairway 2. Following this analysis, the conventional wells were divided into three categories that shared similar drilling, completion and abandonment methods: (1) wells drilled before 1950 (< 1950), (2) wells drilled between 1950 and 1970, and (3) wells drilled after 1970 (> 1970) . In addition to these three categories, the shale gas wells were classified in a distinct category since they were recently drilled and are all currently suspended or temporarily abandoned. The details of the four categories are discussed further and summarized in Tables 1 and 2 and Fig. 3 .
In order to make an objective judgment on the integrity of abandonment practices, wells should be located and inspected in the field, accompanied by observations and gas migration measurements. This activity was not carried out as part of this study but had been partially conducted in 1993 with the objective to locate and assess the integrity of 68 wells in the Lowlands St. Lawrence basin (Girard 1993) . The wells were selected for either of two reasons: their status was unknown or there was no documentation confirming the execution of decommissioning measures. Although this report is very factual, Girard (1993) showed that half of the targeted wells were not found in the field, and gas leaks were observed in four of the wells that were found. Among all the wells investigated in this work, 16 are located in Fairway 2, 4 of which were visited (the 12 other wells could not be found) and none had evidence of gas leakage or gas migration in the surrounding soil. In Quebec, shale gas exploration wells were also tested between 2010 and 2013, for SCVF and GM. It was found that 20 of the 29 shale gas exploration wells drilled in the St. Lawrence Lowlands basin had SCVFs (less than 10 m 3 / day) or showed traces of gas in the soil around the wellbore (Bureau d'Audiences Publiques sur l'Environnement 2011; Lamontagne 2016). Among these wells, 18 are located in Fairway 2.
Decision tree
We propose a methodology that assesses the individual qualitative integrity of each of the abandoned wells using the data that were presented above, but by linking them with gas leakage observations from the literature. This methodology is inspired by the study of Watson and Bachu (2009) who evaluated the potential for methane and CO 2 leakage along oil and gas wells. Although their study was conducted in the context of geological storage of CO 2 , their analysis relied on data from oil and gas wells, and is therefore relevant in the context of this work. The objective of their study was to establish a link between abandoned well characteristics and SCVF and GM close to the wells. Their data came from the Alberta Energy Resources Conservation Board, which compiles information on well construction and gas leaks obtained under regulatory provisions.
Their analysis revealed that the relevant parameters controlling the development of gas leaks are the deviation of the well, the well type (presence or absence of casing in the abandoned wells), the abandonment method, the cementing of the casing as well as oil price and regulatory changes (Table 3) . Deviated wells generally have more leaks than non-deviated wells. The presence of a casing at the time of abandonment is a feature that promotes leaks compared to open holes without casing because the presence of the casing constitutes a preferred leakage pathway. The use of 
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A/P mechanical packers for setting up cement plugs also seems to be only a partially reliable practice which causes more leakage than other methods such as the "balanced plug method" or direct cementing of perforated intervals. The absence of cement in the annulus, between the casing and the rock formation, is found to be an important element that promotes leakage. Oil price also showed a correlation with SCVF/GM between 1973 and 1999. The correlation could be related to the increasing drilling activity and equipment availability that may have impacted well construction practices. Also, Fig. 3 Histograms of a depth of wells in Fairway 2, b number of casings before abandonment, c number of casings after abandonment, e type of cements used for casing cementation and/or abandonment, f type of plugs used for abandonment wells drilled after 1995, where a major change in regulation was made in Alberta, showed less SCVF/GM then those drilled before this date. Parameters that had no, or only a minor impact on the measured leakage, are also presented in Table 3 . Of these, the depth of the surface casing and depth of the wells had a minor impact while the age of the wells had no impacts. However, even if the age of the well showed no impact, this result could be linked to the availability of data. Indeed, leakage data used by Watson and Bachu (2009) cover a fairly limited period, which does not really assess whether age has an impact. However, as stated by these authors, other factors are time-dependent such that the effect of age would be implicitly accounted for.
Using the links between the characteristics of the wells and their impact on leakage, Watson and Bachu (2009) then present a method to assess the potential for gas leaks from individual wells. However, they did not implement the method. The method relies on the use of a decision tree that classifies wells according to a relative probability of leakage based on the features of the wells that have a decisive impact on leakage. Since these characteristics are usually available in drilling and completion reports or in government databases, the method can be deployed relatively easily in jurisdictions other than Alberta.
In this study, the decision tree from Watson and Bachu (2009) is adapted according to the available data obtained from the documents presented in the previous section, and implemented with the wells of Fairway 2 of the St. Lawrence Lowlands basin. The details of the adopted decision tree and its comparison to that proposed by Watson and Bachu (2009) (WB decision tree) are discussed as follows. The adopted decision tree (Fig. 4a) , like the WB tree, begins with the type of well. Drilled and abandoned wells (open holes) are less likely to show leaks than those drilled, cased and abandoned. The second level of the WB tree considers that wells which were abandoned before regulatory changes in 1995 are more likely to have leaks than those abandoned after 1995. Since no such changes in regulations occurred in Quebec, this criterion was not adopted here. This is also the case for the third level of the WB tree, which relates to the location of the wells. In Alberta, wells drilled in an area where GM is often observed and where its measurement is required by regulations usually have more leaks than others. The fourth and fifth levels in WB tree are related to the cementation of casings and the wellbore deviation. Complete cementation of casings is less likely to produce leaks than partial cementation. Moreover, if a well is deviated, it also has a greater probability of leaking. The available SCVF for shale gas wells in the St. Lawrence Lowlands basin showed that wellbore deviation had a higher impact on the probability of leakage for these wells than the casings grouting approach. As our goal was to develop a common decision tree for both conventional and unconventional wells, well deviation is therefore placed at the second level of the adopted decision tree and the complete cementation of casings at the third level. It should be noted that in this study, like in Watson and Bachu (2009) , wells with a total depth greater than the true vertical depth (TVD) are considered as deviated. The sixth level of the WB tree (the fourth level of the adopted decision tree) contains the plugging method of the well. Wells plugged with bridge plugs are more likely to leak than those with other plugging methods. The last level of the WB tree proposed that if the well was spud between 1965 and 1990, it has a greater probability to leak. In this study, wells drilled before 1970 is used as a criterion to define wells with increased leakage probability, due to the use of methods that do not conform to the API standard. This last criterion has a very low impact on the overall probability of leakage since it is located at the bottom of the tree (i.e., the last level). Finally, when no data was available for any of these criteria, a conservative choice is made and the situation leading to a higher probability of leakage is selected. The rationale for choosing this approach is that the wells for which there are few or no construction or decommissioning information are usually the oldest. As it will be shown in the results section, characteristics of these wells are not generally in agreement with the current regulations in Quebec and the API recommendations and may yield leaking problems. Therefore, a conservative approach is to assign them a high probability of leakage.
For the 3 suspended conventional wells and the 23 shale gas wells, the decision tree needed to be simplified, as these wells were all re-entered or drilled after 1970, and only information on casing cementing (complete or partial) and well deviation were available. As these wells are not yet abandoned, they were temporary placed between the two possible abandonment methods (i.e., abandoned using cement plugs or mechanical plugs). Once these wells are abandoned and their abandonment program becomes available, they have to be moved to the right or the left depending on their plugging method. The final adopted decision tree is summarized in Fig. 4 and the results are discussed below.
Results
In this section, the data compiled for the 85 wells of Fairway 2 are first presented, according to the time period defined in the method section. These data, which according to Watson and Bachu (2009) 
Main characteristics of wells
Here, the main characteristics of construction and abandonment methods for the studied wells are presented. For the sake of presentation, the wells are grouped according to the four time periods described in the methods section, although Fig. 3 presents the characteristics for individual wells. The evolution of technology and the evaluation of the available data for the studied wells are also summarized in Tables 1 and 2 . 
Wells drilled before 1950 (21 wells)
Very little information was available for these wells. All these wells have abandoned status. Nearly all wells were cable-tool holes ranging in depth from 160 to 1900 meters (Fig. 3a) . The earliest "wildcat" well in Fairway 2 was drilled in the early 1870s. The total depth was about 900 m; a slight show of gas was obtained. Several casings (up to 8 casings) were used during the drilling of these wells (Fig. 3b) . The casings were generally simply suspended (free casing) and rarely cemented (Fig. 3c) . Most of these casings were removed (or cut) before the abandonment and moved to another drilling site (Fig. 3d) . It should be noted that it was common practice in this period to remove the casings from the wells before sealing them. Wells were sometimes fracked by lowering a cylinder of nitroglycerin into the wellbore and setting off an explosion at the depth of the reservoir (Table 1) . No information was available on the deviation, the attributes of casings and the type of cements used for the construction and the abandonment of these wells (Table 2 and Fig. 3e ). Wood and cement plugs were used for abandonment (Fig. 3f) . Four out of seven wells with plugging information were abandoned using cement plugs (Table 2) .
Wells drilled between 1950 to 1970 (20 wells)
More information was available for these wells. This period can be considered as a transition period between old and modern technology. Depending on the operator, wells were drilled by cable-tool or rotary technique. The depth of these wells ranged from 250 to 2000 m (Fig. 3a) , and contained one to four casings (Fig. 3b) . The casings were fixed to the formation rock by a packer, set free or cemented (Fig. 3c) . Only fixed or free-casings were removed (or cut) before the abandonment (Fig. 3d) . Perforated zones were generally treated (or stimulated) by pumping hydrochloric or monochloroacetic acid into the formation to dissolve and/ or fracture the rock (Table 1) . As can be seen from Table 2 , very limited information was available for the deviation, for the attributes of casings and for the type of cements used in the construction and abandonment of these wells. The data showed that the grade of casings corresponded to API standards for oil/gas wells. However, surface casing lengths were not designed in agreement with the current regulation in Quebec (i.e., greater than 10% of vertical depth). Construction cement, which is not an API standard, was used for casing cementation and abandonment (Fig. 3e) . Wood, cement and mechanical (bridge) plugs were used to abandon these wells, with mechanical plugs arriving in the early 1950s while at the same time, wood plugs were disappearing as a methods of abandonment (Table 2 and Fig. 3f ).
Wells drilled after 1970 (21 wells)
Wells in this period were generally well documented. Nearly all wells were drilled by rotary techniques, with depths ranging from 1000 to 3800 meters (Fig. 3a) , and containing one to four casings (Fig. 3b) . The casings were fixed to the formation rock by a packer, or cemented (Fig. 3c) . None of the casings were removed before abandonment (Fig. 3c) . Perforated zones were generally treated (or stimulated) by pumping hydrochloric acid (HCl) into the formation. As can be seen from Table 2 , deviation information was usually available and most of wells drilled in this period were deviated. Casing grades used in these wells corresponded to API standards, and surface casing lengths are in agreement with the current regulations in Quebec. The type of cement used for casing cementation and abandonment was also usually available and corresponded to API standards (Fig. 3e) . Cement and bridge plugs were the only material used for plugging these wells (Fig. 3f ).
Shale gas wells (23 wells)
Shale gas exploration in Fairway 2 began in 2006 and a total of 13 vertical wells (including 11 hydraulically fractured), and 9 horizontal wells (including 5 hydraulically fractured), were drilled prior to 2010. These wells were generally well documented, with all wells drilled by rotary techniques. Vertical and total depths of these wells ranged from 800 to 2600 meters and from 800 to 3400 meters, respectively (Fig. 3a) , and contained two to three casings (Fig. 3b) . Surface, intermediate and production casings were all cemented (Fig. 3c ). For two of these wells, conductor casings were hammered into the ground. As can be seen from Table 2 , well deviation information was usually available which revealed that most of wells drilled in this period were deviated (horizontal wells were always considered to be deviated). The casing grades and type of cement were also usually known and corresponded to API standards (Fig. 3e for the latter). All shale gas wells are currently suspended or temporarily abandoned.
Well leakage probability
The results from the implementation of the decision tree for abandoned conventional wells and suspended conventional or unconventional wells are presented in Fig. 4 . Among the 85 wells presented in this tree, 14 were abandoned open holes, 30 were abandoned cased wells and 26 were suspended wells (conventional and shale gas wells). For 15 wells (12 drilled before 1950 and 3 drilled from 1950 to 1970), no documentation was available to determine either the wellbore attributes (i.e., type, cementation and deviation) or the type of abandonment plugs. As discussed previously in "Decision tree" section, a conservative choice was therefore made and the condition leading to the highest probability of leakage was selected for these wells (i.e., wells were considered to be cased, partially cemented, deviated, and abandoned using plugs other than cement). This explains the high number of wells located at the upper end of the probability axis in Fig. 4a and at the interval of a leakage probability of ]92 100]% in Fig. 4b . The analyses presented in "Main characteristics of wells" section showed that the characteristics of the wells drilled before 1970 are not generally in agreement with the current regulations in Quebec and the API recommendations. An interval with a greater range of leakage probability was therefore attributed to these wells (i.e., 8% compared to 4% given to other wells; see Fig. 4b ).
The results of the proposed decision tree for abandoned open holes, abandoned cased wells and suspended conventional and shale gas wells are discussed in detail below.
Abandoned open holes (14 wells)
For the 14 abandoned open holes, no information was available for the deviation and therefore this criterion is not presented in the decision tree. Eight of these wells were drilled before 1950 and 6 from 1950 to 1969. All these wells were cased during the drilling and completion but the casings were removed (or cut) before abandonment. The main difference between these wells lay in the types of zonal abandonment. Cement plugs were used to abandon 4 wells. The interval of leakage probability of these wells was ]4 8]%. For the 10 remaining wells, wood plugs were used to abandon 7 wells and no information was available for 3 wells. The interval of probability of leakage of these 10 wells was ]12-16]%.
Abandoned conventional cased wells (30 wells)
Among the 30 abandoned conventional cased wells, 1 was drilled before 1950, and 11 and 18 were drilled from 1950 to 1970 and after 1970, respectively. Between these wells, 6 were non-deviated and 24 were deviated. The casings of 4 of the non-deviated wells were cemented to the surface. These wells were all drilled after 1970 and abandoned using cement plugs. The interval of leakage probability of these wells was ]16 20]%. The casings of the 2 remaining nondeviated wells were partially cemented. One well, drilled before 1970, was abandoned using cement plugs while the other, drilled after 1970, was abandoned using mechanical plugs. The intervals of probability of leakage of these 2 wells were ]40 44]% and ]48 52]%, respectively. The casings of 6 of the 24 deviated cased wells were cemented to the surface. These wells were all drilled after 1970. Cement plugs and mechanical plugs were used to abandon 5 and 1 of these wells, respectively. The intervals of leakage probability were ]56 60]% for those abandoned using cement plugs and ]68 72]% for the one well abandoned using mechanical plugs. The casings of the 18 remaining deviated wells were partially cemented. Cement plugs were used to abandon 7 of these wells (2 drilled after 1970 and 5 drilled before 1970) while mechanical plugs were used to abandoned 11 of these wells (5 drilled after 1970 and 6 drilled before 1970). The intervals of leakage probability were ]76 80]% for the 2 wells abandoned using cement plugs and drilled after 1970, ]80 84]% for the 5 wells abandoned using cement plugs and drilled before 1970, ]88 92]% for the 5 wells abandoned using mechanical plugs and drilled after 1970, and ]92 100]% for the 11 wells abandoned using mechanical plugs and drilled before 1970.
Suspended conventional and shale gas wells (26 wells)
Among the 26 suspended cased wells, which are not yet abandoned, 10 were non-deviated and 16 were deviated. Between the non-deviated wells, the casings of 3 wells were cemented to the surface and those of 7 wells were partially cemented. The intervals of leakage probability of these wells were ]24 28]% and ]44 48]%, respectively. Between the deviated wells, the casings of 9 wells were cemented to the surface and those of 7 wells were partially cemented. The intervals of leakage probability of these wells were ]64 68]% and ]84 88]%, respectively. As discussed previously, once these wells are abandoned and their abandonment program becomes available, they have to be moved to the right or the left depending on their plugging method.
Discussion
Wellbore leakage is a common problem in the oil and gas industry. For example, Erno and Schmitz (1996) reported that 22% of 435 abandoned wells monitored between 1987 and 1993 in Saskatchewan (Canada) were leaking due to well integrity failure. In Alberta (Canada), Watson and Bachu (2009) reported that 4.5% of the 315,000 wells drilled between 1910 and 2004 had either SCVF or GM through the soil, from outside the outer casing. In Norway, it was reported that 15% of 323 production wells drilled between 1970 and 2006 on the Norwegian Continental Shelf had some kind of well integrity problem (Vignes and Aadnøy 2010) . More recently, Davies et al. (2014) reported that 6.3% of 8030 wells drilled between 1958 and 2013 for the Marcellus Shale in Pennsylvania showed well integrity and barrier failure and 1.3% of these wells were leaking to surface.
Based on these results, it is very likely that wellbore leakage is also occurring in the St-Lawrence Lowlands basin. In facts, many wells that were studied in the St-Lawrence Lowlands basin have some characteristics that promote gas leakage potential. The results from the decision tree show that the number of wells with a high probability of leakage is relatively important (67% of wells with a probability of leakage above 50%). However these results have to be taken with caution, since the category with the highest interval of leakage probability (i.e., ]92 100]) includes 15 wells for which no information was available for the completion/ abandonment methods. According to the methodology, these wells were assigned to the highest leakage probability for the corresponding category in the decision tree, which induces a strong bias on the results. Nevertheless, since these wells have unknown construction/abandonment data, they should be priority wells for further investigation.
As can be seen from Fig. 4b , the leakage probability of 14 and 21 of the wells drilled before 1970 was less than 16% and higher than 92%, respectively. For those with a leakage probability higher than 92%, no information was available to identify the wellbore attributes. Wells with a probability of leakage lower than 16% were open holes in which cement and wood plugs of sufficient length and number were used to isolate all non-saline groundwater and porous zones. It should be noted that no information was available in the literature on the performance/resistance of wood plugs. Therefore, in the proposed decision tree, the condition leading to a higher probability of leakage is selected for these wells (i.e., ]12 16]% compared to ]4 8]% for open holes abandoned using cement plugs). The leakage probability was higher than 50% for 5 abandoned cased wells drilled between 1950 and 1970 (Fig. 4b) . Although these wells were all abandoned using cement plugs, their deviation and the partial cementation of their casings placed them among wells with a relatively high risk of leakage. The abandoned cased wells drilled after 1970 (18 wells) covered almost uniformly the distribution of the probability of leakage (from 16 to 92%). The probability of leakage was higher than 50% for 13 of these wells (Fig. 4b) . Wellbore deviation was the main cause for the high leakage probability of these wells. This is also the case for the suspended cased wells (3 conventional wells and 23 shale gas wells). Out of 26 wells, 16 wells were deviated and therefore their leakage probability was higher than 50%.
In order to assess the validity of the decision tree, the probability of leakage was compared with the field observations of Girard (1993) and from BAPE (2011) for shale gas wells. Among the 16 conventional abandoned wells investigated in Fairway 2, Girard (1993) could only locate 4 of them successfully. According to the decision tree, these 4 wells have a leakage probability of ]40 44]%, ]80 84]%, ]92 100]% and ]92 100]%. However, these wells did not show any evidence of SCVF/GM, suggesting that their ratings are too high. This means that even if a well has a high probability of leakage, it does not mean that it will actually leak. Although the statistical meaning of these results is low, one of the reasons that could explain these results lies in the methodology used by Girard (1993) . Among the criteria he used for selecting wells to examine, one of them was if no available information was available regarding the construction of the wells and the plugging measures. For the 2 wells within the interval of probability of leakage of ]92 100]%, no information was available to determine the wellbore attributes. Since the decision tree always assigns a higher probability of leakage when no information exists on any element of the tree, these wells tend to cluster in the lower right part of the tree with an overall high probability of leakage. In other words, the high probability of leakage of these wells is only related to the lack of information on the construction and abandonment methods. The 2 wells within the intervals of probability of leakage of ]40 44]% and ]80 84]% had the same drilling period and the same casing and plugging attributes, but differed regarding their deviations. Wellbore deviation is the most important factor in the decision tree and results in the 40% difference between the probability of leakage of these 2 wells.
Among the 22 suspended shale gas wells investigated in Fairway 2 (12 vertical wells and 10 horizontal wells), 18 wells (9 vertical wells and 9 horizontal wells) showed evidence of SCVF and/or GM (Lamontagne 2016). According to the decision tree, 2, 4, 8 and 4 of these wells have a leakage As can be seen, the decision tree assigned a probability of leakage higher than 50% to 12 wells with SCVF/GM. These results suggest that wellbore deviation is one of the most important factors that control the probability of leakage of a well.
For 6 wells with SCVF/GM and 3 wells without SCVF/ GM, the proposed tree underestimated and overestimated the probabilities of leakage, respectively. For one well in the interval of]84 88] %, no information was available on the wellbore deviation and the height of cement in the casing annuli and therefore the highest probability of leakage of suspended cased wells was assigned to this well.
For the 8 remaining wells, the following arguments can explain the disagreement between the results of the proposed decision tree and the observed SCVF/GM: (1) It should be noted that the proposed tree takes into account only the roles of wellbore deviation and height of cement in the casing annuli on the probability of leakage of a well. Another important factor that can cause or prevent leakage is the quality of cementation of the casing annuli. Inadequate cementation can be compromised by the failure to displace the drilling mud (Bonett and Pafitis 1996) , the presence of gas at high pressure in the superficial layers (Bol et al. 1991) , cement shrinkage during the hardening of cement (Dusseault et al. 2000) , hydrostatic pressure loss after cement placement and during setting of the cement (Cooke et al. 1983) . A high hydrostatic pressure of the cement column can also fracture the formation and cause cement lost (Vidic et al. 2013) . Under these conditions, the complete/partial cementation of the casing annuli may reduce/ increase the leakage probability but cannot definitively prevent/cause it. (2) Another important issue that should be considered here is the time needed for the gas to travel from the target shale formation to the surface. Recent simulations of gas leakage along the casing of decommissioned shale gas wells have shown that even if the gas-bearing shale reservoir is not stimulated with hydraulic fracturing, a poorly cemented well could develop leaks on the order of 1 m 3 /day within a few months up to 20 years after closure, depending on the quality of the cementation (Nowamooz et al. 2015) . Therefore, the lack of SCVF/GM after completion cannot guarantee the long-term integrity of a wellbore. (3) Finally, it should also be mentioned that well integrity issues can also be caused by a failure in tubing connections, inner-casing connections, wellhead failures, problems with packers and downhole safety valves, and failures of gas lift and chemical-injection valves (King and King, 2013) . To our knowledge, these types of failures were never discussed in the drilling reports and abandonment programs available for the studied wells.
Finally, it should be noted that a leak will occurs only when three conditions are found together: (1) a gas source, (2) a driving force such as buoyancy and/or a pressure gradient, and (3) a leakage pathway (Watson 2004) . For the conventional wells considered in this study, at least the last two elements may be present, since natural gas has a lower density than water and brine and improperly constructed or abandoned wells may provide a leakage pathway. However, only traces of gas were encountered during the drilling of these wells. An argument can thus be made that even if the design and abandonment methods of the oldest wells may sometimes not be consistent with current best practices in the industry, they might not cause leakage because of a lack of a gas source. However, this interpretation should be treated with caution since most of the exploration wells drilled in the past were usually targeting oil and may not have reported gas traces. Moreover, many of these wells were drilled across the Utica Shale and Lorraine Group, which were not targeted to be gas-bearing formations at that time, while the Utica Shale is now considered as a major source/reservoir of natural gas. Therefore, the lack of reported gas traces should not be viewed as an argument for overlooking a well for which the construction/abandonment methods are flawed.
Conclusion
Wellbore attributes for 85 wells in Fairway 2 of the exploration and exploitation zone of the Utica Shale in the St. Lawrence Lowlands basin were compiled from drilling reports and abandonment programs. This information was then used to evaluate the probability of wellbore-leakage. The quantity and quality of the available data varied greatly from one well to another, and some of the older wells lack corresponding data. Using these data, conventional wells were divided into three categories: (1) those drilled before 1950, (2) those drilled between 1950 and 1970 and (3) those drilled after 1970. Very little information was available for wells drilled before 1950. More information was available for the wells drilled from 1950 to 1970 which was considered a transition period between old and modern technology. Wells drilled after 1970 were generally well documented and their attributes corresponded to API standards. In addition to these three categories, attributes of the 23 shale gas wells in Fairway 2 were also analyzed in a separate category. These wells, similar to conventional wells drilled after 1970, were generally well documented and satisfied the API standards.
A decision tree, inspired from the methodology proposed by Watson and Bachu (2009) , was then created to assess the leakage potential of each of the abandoned wells based on their attributes. Among the 85 wells considered in this tree, 14 were abandoned open holes (all drilled before 1970), 30 were abandoned cased wells (12 drilled before 1970), 26 were suspended cased wells (all drilled after 1970) and 15 wells had no available documentation (all drilled before 1970) . For the open holes, the probability of leakage was lower than 16%. For the cased wells (71 wells), the probability of leakage was higher than 50% for 55 wells (77.5% of cased wells). Wellbore deviation and lack of information on the construction and abandonment methods were the primary and secondary causes of high leakage probability for these wells, respectively. The significant influence of the wellbore deviation on the leakage probability was confirmed using the surface casing vent flow and gas migration data of the shale gas wells. Among the 22 suspended shale gas wells investigated in Fairway 2 which were tested for SCVF/GM, 18 wells showed evidence of SCVF and/or GM. Between these wells, 12 were deviated. According to the decision tree, the leakage probabilities of the deviated wells were all higher than 50%. From these results, it appears that this simple decision tree can detect wells with a high risk of leakage with a reasonable precision when enough information is available on the wellbore attributes. As a final cautionary note, even if the probabilities of leakage reported here are expressed as a percentage, they should be viewed as relative probabilities and not as absolute probabilities.
